Gut fluorescence analysis of Calanus paczjkus and Metridia pacijica is used to describe variation in food intake rate at time scales of one to several hours. The animals are starved before each experiment, then exposed continuously to phytoplankton cultures. Variability of gut fullness is large (order IO-fold) between individual copepods captured at the same time and is about proportional to the within-time-period average. The gut fullness curve shows a strong initial peak l-2 h after food is supplied and drops to about 20% of the peak level after 7-9 h of exposure to high food levels. For Calanus gut fullness and swimming activity at the time of capture are strongly correlated. Active animals have on average 2-5 times as much pigment in their guts as inactive animals captured at the same time. However, inactive animals resume swimming and feeding activity in l-3 h. The changes in gut fullness appear to involve episodic on-off switching of feeding activity as well as regulation of maximum instantaneous feeding rate and of either or both satiation and hunger thresholds.
The feeding rate of herbivorous copepods is not uniform with time. Twenty-four-hour periodicities have been demonstrated for many species (e.g. Gauld 1953; Petipa 1958; Mackas and Bohrer 1976; Dagg and Grill 1980) . At much shorter time scales (order 0. l-l 0 s), microcinematographic studies (Rosenberg 1980; Cowles and Strickler 1983) have shown that animals alternate brief bouts of slow swimming/feeding with "breaks" during which swimming and feeding activities cease.
There is also substantial evidence that planktonic animals may reduce or interrupt their feeding activity over intermediate time scales (up to a few hours) in response to previous feeding success. Populations of starved animals show much higher average ingestion rates during the first few hours after exposure to food (Mullin 1963; McAllister 1970; Runge 1980) . Their food intake is initially 1.5-3 x that of animals preconditioned to the experimental level of food availability, but after several hours approaches the feeding rate of preconditioned animals (Runge 1980) . A different line of evidence is provided by field studies (Pearre 1973; Mackas and Bohrer 1976; Boyd et al. 1980; Simard et al. 1985) in which animals with full guts were found at depths well below their probable food source. The interpretation of these results was that satiated animals stop feeding and modify their swimming and migratory activity. Laboratory studies (T. Cowles pers. comm.; E. Anderson pers. comm.) also suggest that swimming activity is linked to food availability.
A poststarvation feeding peak and subsequent decline to an equilibrium feeding rate could occur by either or a combination of two mechanisms (Fig. 1) . Each individual animal could be feeding continuously but gradually reducing its rate of food intake ( Fig. la, b) , or the animals could be switching between feeding and nonfeeding modes of behavior (Fig. lc, d) , with the variation in average feeding rate determined by the allocation of time between the two modes. If the feeding mode was cued by hunger and the nonfeeding mode by some threshold level of satiation (possibly variable between individuals) then a population of starved animals would tend to have an initially synchronous period of active feeding by all of its members, followed by a gradual transition to feeding episodes randomly phased between individuals. To account for the observed duration of the poststarvation feeding peak and to allow significant rearrangement of the vertical distribution of full animals, we need a time scale for any alternation between feeding and nonfeeding modes of order l-2 h or longer. Because the previous laboratory studies of the poststarvation feeding response measured the average response of many animals per experimental treatment (typically lo-15) and integrated the food intake over a relatively 383 Time (h) Fig. 1 . Schematic representation of gut fullness (G) and filtering rate (fl for two alternate behavioral mechanisms. For feeding that is continuous in time but at a variable rate F, (panel a), the gut fullness of each individual will show an initial peak followed by a gradual decline to a lower equilibrium level (panel b). If feeding switches on and off at time scales of l-2 h (panel c), the gut contents Gi of the intermittently feeding individuals will show a sawtooth alternation between upper (satiating) and lower (hunger-inducing) limits (panel d). If the thresholds and cycle frequency are variable between individuals, the phase correlation between individuals will rapidly decay and populationaveraged filtering rate and gut fullness (panels a and e) will closely resemble the prediction for continuously variable feeding rate. However, the scatter of individual measurements will differ (panel e). Continuous feeders (shaded) will all lie near the population average. Intermittent feeders will show an expanding envelope of variability (dashed lines) about the population average.
long experimental duration (4 h: Runge 1980; l-4 h: McAllister 1970) , they would have been unable to distinguish cyclical switching from a smoothly variable feeding rate.
We use here a gut fluorescence method (Mackas and Bohrer 1976; Dagg and Grill 1980) to examine variations in feeding rate of individual copepods. The temporal resolution of this method is set by the duration of past feeding which contributes significantly to the instantaneous level of gut fullness: the retention time of food in the gut of the animal. Most studies show that the decrease of gut contents with time follows a negative exponential curve. An appropriate retention time scale is therefore the reciprocal of R in the equation
where G, is the instantaneous level of gut fullness at time t, Go is the initial level of gut fullness at the time of removal from food, t is the elapsed time since removal from food, and R is a coefficient with dimensions of reciprocal time. Mackas and Bohrer (1976) , Dagg and Grill (1980) , Dagg and Wyman (1983) , Kiorboe et al. (1982) , and our present results all suggest that this turnover time (the length of time required to eliminate l/e = 63% of the material originally in the gut) lies in the range 0.4-l .5 h. Hence, individual feeding bursts or interruptions lasting 1 h or longer should be detectable by this method.
We also compare levels of gut fullness in animals showing varying levels of swimming activity. Specifically, we compare animals that are actively swimming with animals showing reduced levels of swimming activity (which gradually sink toward the lower levels of the aquarium and accumulate there; in the field this behavior would contribute to a net downward vertical movement). The behavioral sorting criteria are described in more detail below. We isolated some inactive animals and measured their food intake after they resumed activity. These experiments allow us to test whether swimming activity is independent of recent feeding success.
We (40-50 pm) . Neither species formed chains. Culture dilutions were set to give the desired food concentration (measured as chlorophyll concentration). Most of our experiments were run at relatively high food concentrations (8-l 2 mg m-3 Chl a); a few were run at l-3 mg mm3. The food supply declined only slightly (usually about l-5%) over the 4-12-h duration of the experiments. Feeding took place in darkness at 12°C except while animals were removed for analyses. Illumination was kept to a minimum during this removal; the aquaria were either left inside the unlit refrigerated incubator or brought out into the dimly lit laboratory.
Active vs. inactive animals -Preliminary experiments with C. paczjkus showed two general categories of swimming behavior into which most of the animals in the experimental aquaria could be classified. Some of the animals swam steadily and relatively rapidly in the upper part of the aquarium; their trajectories were fairly complex and included both horizontal and vertical components. In general they also appeared to have full guts. We classed these animals as "active." Other animals maintained (by a slow hop-and-sink sequence) a relatively fixed position in the aquarium (generally near the bottom). We classed these animals as "inactive." They were not moribund; healthy individuals were selected at the start of the experiment, and the inactive animals would swim vigorously (jump response) when prodded with a pipet; however, they usually resumed their inactive behavior following this brief stimulation. A substantial fraction of the inactive animals resumed activity within l-3 h.
The lighting levels needed to capture the animals for gut content analysis caused some -disruption of swimming behavior (some of the active animals gradually became inactive over several minutes). Dim, nondirectional white light (i.e. sorting in an unlit room with shaded windows) appeared to be less disruptive than directional light passed through a red filter (Kodak Wratten No. 25) . We tried to avoid altering the activity pattern by minimizing the exposure of individual aquaria to the light and by collecting the inactive animals first; however a small percentage of our "inactive" group may have been recently and artificially recruited from the "active" population.
Metridia paciJca did not show a similar partitioning of time between qualitatively different swimming patterns. The animals spend nearly all of their time swimming in horizontal "switchback" patterns (E. Anderson in prep.). We did not attempt to distinguish swimming activity on the basis of velocity or position in the aquarium.
Measurement
of gut fluorescence -At each sampling period, we picked copepods from the experimental aquaria, washed them gently in filtered seawater, measured their prosome length, and extracted chlorophyll and its derivatives from the guts by grinding or soaking the whole animal in 90% aqueous acetone. We measured the fluorescence of the acetone extract before and after acidification with dilute HCl. We found no difference in average pigment recovery between the two extraction methods. The fluorometer was a Turner Designs model 10 equipped with an F4T5 lamp, Corning 5-60 and Kodak 2A excitation filters, Corning 3-66 reference filter, and Corning 2-64 emission filter. Fluorescence readings ranged up to about 25% full-scale on the second-most sensitive range setting of the fluorometer. The chlorophyll and pheopigment contents per animal were calculated from the equations ng Chl = VK(F, -F,)
pheopigment (as ng Chl equivalent)
where V is the final solvent volume, F, and F, are the fluorescence readings before and after acidification, A is the acidification ratio for extracts from the phytoplankton cul- (4) calculated from Saanich Inlet data provided by J. Fulton.
Experimental design-Starved animals were sampled immediately before adding the phytoplankton culture to determine background fluorescence levels. At regular intervals after the addition of food, active and inactive animals were removed by pipet. Samples were individual animals for most experiments, but in some cases (noted below) several animals showing the same activity level were pooled to reduce the within-time-period variability. In one experiment, three "inactive" animals from each sampling period were transferred to separate 0.5-liter beakers with chlorophyll concentrations equal to those in the experimental aquaria. The transferred animals were observed during subsequent sampling periods to determine whether they had resumed active swimming. Those which were active l-3 h after transfer (most did resume activity) were recaptured and analyzed for gut fluorescence.
Results and discussion
The variability of gut fullness in replicate individual copepods was consistently large (roughly an order of magnitude range among replicates) and proportional to the withintime-period average level of gut fullness. We have plotted our data as the logarithm of the pigment content to give graphically uniform confidence intervals throughout the time series. The variability between individuals (SD of log,-transformed data: 0.5-1.0) is substantially greater than the analytical uncertainty (+ 5-l 0%). Unless some individuals are consistently much more effective than others at harvesting food, the observed range of individual variability strongly supports the argument that the feeding rate of each individual varies greatly at time scales of about 1 h.
Our experiments also confirmed that population-averaged feeding activity is most intense in the l-2 h immediately following a prolonged period of starvation. Figure 2 shows time series of gut fullness for starved Calanus and Metridia fed Coscinodiscus at 10 ng Chl a ml-l. For this experiment, each sample consisted of 10 Metridia or 6-8 active Calanus. Both species show an initial rapid and approximately linear increase in gut contents for the first l-2 h. The average filtering rate (=water clearance rate) during the initial gut filling can be calculated from the slope of a linear regression of gut fullness vs. time (Dagg 1983 ). This method assumes that defecation is minimal and that ingested chlorophyll is recoverable as either chlorophyll or pheopigment. The filtering rate is given by
where F is clearance rate in ml animal-l h-l, dGldt is the initial slope of the linear-scale gut-fullness curve, and C is the concentration of food in units of Chl ml-l. We used a weighted linear regression of gut contents vs. time. Weights were set assuming that the variability of the individual estimates increases linearly with time (i.e. is proportional to the amount in the guts). Clearance rates are about 2.2 ml h-l for Calanus and about 0.9 ml h-l for Metridia. Full animals transferred to filtered seawater after 2 h exposure to food show a rapid exponential decline in gut fullness (a straight line on the log-scale plot). Estimates of turnover time are 0.4 h for Calanus and 0.6 h for Metridia. Animals remaining in food show a slower but significant (P < 0.001) decline in gut fullness which persists over several hours. The extent of this decline is underempha-the downward trend after the initial peak sized by the log-scale presentation of the (about 10% h-l) follows a similar pattern data but is about 15-25% h-l.
but is not statistically significant. Experiments in which individual animals were analyzed followed similar time series, although the scatter of replicate samples was greater due to the retention of much more individual variability. Figures 3 and 4 show time series for individually sampled Calanus fed Thalassiosira at 11.3 (Fig. 3) and 12.5 (Fig. 4) ng Chl a ml-'. The gut contents of the active animals (Figs. 3a and 4a) increased rapidly for about 1 h, leveled briefly, and then gradually declined. Average clearance rate by the regression method was 0.6 ml animal-l h-l. After prolonged exposure to food, individual animals did not show the high levels of gut pigment found at the end of the initial poststarvation feeding burst. Pigment levels after 4 h of exposure to food were about 50% of the peak in both experiments; after 7-9 h they were reduced to about lo-20% of the peak. The negative exponential decline over the final 7.5 h in Fig. 3a is about 20% h-l and is strongly significant (P < 0.001). Within the 4-h duration of the second experiment (Fig. 4a) , Throughout both experiments, the inactive animals (Figs. 3b and 4b) showed lower levels of gut fullness [range 0.4-25, overall arithmetic means 3.6 and 5.5 ng (mg dry wt)-*] than the active animals. Inactive animals were very rare or absent for about the first hour after addition of food and gradually increased in relative abundance. One tailed t-tests rejected (at P < 0.05) the null hypothesis that the gut fullness of active animals was equal to or lower than that of inactive animals in 12 out of 15 time periods. The contrast was particularly strong during the poststarvation feeding peak. However, the inactive animals also had significantly higher gut fluorescence than the starved animals (overall average significantly different in both experiments at P c 0.01, 13 out of 15 time periods significant at the P < 0.05 level).
Inactive animals that resumed active swimming (Fig. 4c) the same time but were lower and perhaps tions and food particle sizes. We again resomewhat more variable than active ani-port results of analyses of individual animals from the initial feeding peak.
mals. Figure 5 shows time series of gut Both the postpeak decline in gut pigment fullness for Calanus fed Thalassiosira ( Fig.  and the difference in pigment content be-5a) and Coscinodiscus (Fig. 5b) at 10 ng Chl tween active and inactive copepods were a ml-l. Clearance rate estimates from the maintained over a range of food concentra-first hour of feeding are about 8 ml animal-1 active animals (a), inactive animals (b), and inactive animals which resumed activity (c). Data points again show measurements from individual animals. Symbols as in Fig. 3 . Solid lines show fitted regression for active animals, and mean values for inactive animals (b) and inactive animals which resumed activity (c). Gut fullness of inactive animals increases when they resume active swimming. Times plotted in panel c are when the animal was isolated in an inactive state; removal for analysis took place l-3 h later. h-l on Coscinodiscus and about 1 ml animal-l h-l on Thalassiosira. Peak gut pigment levels (estimated from the mean of samples l-2 h after food was supplied) are 4%fold higher on Coscinodiscus. The postpeak decline (2-8 h after food was supplied) in the gut pigment of active animals is significant (P < 0.01) in both foods, as is the difference between active and inactive animals. Inactive animals also show a downward trend in gut fullness with time, but these regressions are not significant at the P = 0.1 level. Scatter about the regression lines is somewhat greater for the inactive animals (comparison of variance ratio of residuals about the regression of log, G vs. tions, the highest levels of gut pigment were found during the first few hours of feeding. Inactive Calanus in all periods and active Calanus and Metridia from later time periods had lower average gut pigment. At low food concentrations, average filtration rates were higher, but total gut pigment levels were reduced. At the lowest food concentration (1 ng Chl ml-'), the pigment levels in the active Calanus approached and became indistinguishable from those of inactive animals about 2 h after the initial peak.
A goal of these experiments was to estimate the relative importance of regulation of ingestion rate (dG/dt of an individual time is significant at P = 0.05 and P = 0.01 animal continuously variable from zero to for animals fed Thalassiosira and Coscisome maximum rate) vs. switching between nodiscus).
feeding (dG/dt = max) and nonfeeding (dG/ Table 1 summarizes experiments in which dt = 0) behavioral modes. We can do this Calanus and Metridia were fed Coscinodis- by comparing the measured time series with cus at a range of chlorophyll concentrations.
the patterns predicted in Fig. 1 . It is clear For both species, and at all food concentra-that a simple switching model (Fig. Id) is inadequate to explain the data, since the animals were consistently fullest during the initial feeding peak. If a constant satiation threshold existed, we would have found occasional animals at or near this maximum level of gut fullness throughout the experiment. We conclude that some form of regulation is present. This could be either direct variation of the instantaneous rate of food intake or a reduction of the satiation threshold below that of the starved animals.
There is also evidence that, whatever the mechanism for regulation of food intake, its effect is relatively coherent over the experimental population. The variability of individual animals within a time period is large compared to the analytical precision of the measurement but is substantially smaller than the range of between-time-period variability. We thought that feeding activity at the start of the experiment might be synchronized by the shared stimulus of food availability after a prolonged period of starvation and that gradual loss of this synchronization (e.g. by variability between individuals in satiation threshold or in the maximum rate of particle clearance) would have caused a cumulative increase in the variance of the gut fullness (Fig. Id) . Instead, the variability within the active and inactive subpopulations remained approximately constant with time. For Calanus, changes in the relative abundance of the two behavioral classes would tend to inflate the variance of the total population; however, as noted above, the highest levels of gut fullness were noted only during the initial feeding peak. Metridia (with only one identified behavioral level) had approximately uniform variance over time for the entire population (Fig. 2b ).
The simple model of feeding rate regulation (dGldt is a slowly and continuously variable function of time for all members of the population: Fig. lb ) also fails to explain important features of the measured data. The most obvious discrepancy is that we observe two distinct behavior patterns in Calanus which are correlated strongly with the degree of gut fullness. Members of the active subpopulation almost always had a substantial accumulation of food in their guts (indicating recent feeding). Members of the inactive subgroup had much lower levels (indicating some combination of reduced food intake rates with greatly increased defecation rates). We also found that individuals shifted between the two behavioral classes: inactive animals resumed active swimming and filled their guts fairly rapidly while doing so (Fig. 4~) . In a number of our experiments, we found that between-timeperiod changes in gut fullness of inactive animals approximately tracked (at a reduced level) the time series for the active animals. For the data shown in Fig. 2 (our most complete time series with inactive animals), the Spearman rank correlation of mean G for active and inactive animals from the same time period was 0.88 (P < 0.01). This covariance could be achieved by slow feeding while inactive; more probable is that fed animals are continually recruited from the active subset of the population. Unfor-tunately, we were not able to measure the rate of exchange between the two activity levels nor to relate instantaneous gut fullness of individuals to their average activity in the preceding 0.5-l h. As noted above, the fraction of animals classed as inactive increased during the experiment. Only a small percentage was clearly inactive when food was first added. After 8-9 h of exposure to high food levels, a large fraction of the Calanus showed decreased swimming activity.
To compare our results with earlier measurements by other methods, we assume that the carbon content of Calanus is 43% of the estimated dry weight (Vidal 1980) and that the phytoplankton C : Chl ratio is 30. Estimation of the clearance rate F is independent of assumed conversion factors. At high concentrations of small cells (Thalassiosira), we found filtration rates of 0.6-l. 1 ml animal-l h-l. Ingestion rates of 6-l 1 ng Chl animal-l h-l convert to a ration of 0.0035-0.0052 pg C (bg C)-l h-l. Both ingestion and filtering rates were higher when Calanus was fed larger cells. Clearance rates ranged between 2.2 and 13.5 ml animal-' h-l. Ingestion rates were 0.006-0.04 pg C (pg C)-l h-l. McAllister (1970) reported initial ingestion rates of 0.02-0.06 pg C (pg C)-i h-l. Runge (1980) found clearance rates up to about 50 ml animal-' h-l for animals fed low concentrations of large cells; his typical clearance rates were about lo-25 ml animal-l h-l, but his animals were also larger (about 2.2-2.7-mm prosome length vs. 2.0-2.2 mm for ours). Like Runge, we found evidence for seasonal variability in grazing capacity. Experiments run in spring and early summer typically gave higher filtration rates and higher peak levels of gut pigment than those run in late summer. Winter experiments with C5 Calanus showed very low feeding rates (in contrast, Metridia maintained relatively high and constant feeding activity throughout the winter).
In summary, both C. paczjkus and M. pa&a show a strong poststarvation peak in food intake rate. Gut fullness of Calanus is positively correlated throughout the time series with activity level at the time of capture; rapidly swimming animals almost always contain more food than animals that are maintaining only a slow hop-sink swimming pattern. Because the gut fullness index integrates ingestion from the preceding 0.5-1.0 h, we believe that our results are strong evidence for correlated modulation of feeding and swimming activity at time scales of the order of 1 h. This is in addition to the diel periodicities and 0.1-10-s breaks in feeding rate observed by other methods. Calanus individuals do not maintain a single activity level throughout an experiment; inactive animals resume swimming and feeding activity within l-3 h. The reduction of feeding rate following a post-starvation peak appears to involve both discontinuous switching of the feeding behavior (most obvious in the transition between active and inactive behavioral groups) and continuous regulation of either the rate of food intake during active feeding or the threshold levels of gut fullness cueing the start and stop of feeding activity.
